ABSTRACT During maximum dilation with adenosine in dogs, the diastolic coronary pressure at which flow ceases (Pzf) has been observed to be up to 27 mm Hg above coronary sinus and right atrial pressures. We studied swine to measure the Pzf and to determine the effects of interventions that change collateral flow and coronary capacitance. In 44 swine, the left anterior descending coronary artery (LAD) 
IT WAS postulated by Burton We investigated some of these issues in this study. Our goals were (1) to determine the slope and the Pzf of the coronary arterial pressure-flow relationship during maximum vasodilation in swine under basal conditions, and (2) to determine whether the slope and Pzf were reproducible or altered by changes in hemodynamic variables such as changes in collateral flow, increased left ventricular systolic pressure, increased heart rate, and neural blockade. Studies were performed during maximum vasodilation induced by intracoronary adenosine to eliminate the apparent effects of vasomotor tone on Pzf. 34 The experimental methods we used were similar to those reported by Verrier et al. 6 and Vlahakes et al. 8 With these methods, the coronary arterial pressure-flow relationships were described by the slope of the plot as well as by the pzf. 5-8 These two descriptors are useful in the comparison of pressure-flow relationships obtained under different conditions and allow generalizations about this relationship based on single-point determinations to be avoided. We used swine because this animal, in contrast to the dog, has a coronary circulation that is very similar to that in humans without coronary artery disease9-'3 and so that our results in swine could be compared with the results reported in dogs.
Methods
Animal preparation. Studies were performed with domestic swine weighing between 22 and 56 kg. These animals were obtained from commercial producers by the Department of Animal Care at our institution. Each swine was anesthetized with 100 mg/kg iv a-chloralose (dissolved in a solution of distilled water and propylene glycol) and 2 ml iv d-tubocurarine after premedication with 2 mg/kg xylazine and 10 mg/kg im ketamine. a-Chloralose, 50 mg/kg iv, and 2 ml iv d-tubocurarine were given every 1 to 1 1/2 hr as needed, but dosing was appropriately remote from any measurement. Each animal was intubated and placed on a piston respirator and ventilated with oxygen-enriched air. The respirator was adjusted to keep arterial pH at 7.40, Pco2 at 35 torr, and Po, greater than 100 torr.
Rectal temperature was kept above 980 F. Catheters were inserted in the femoral artery and vein by a cutdown. A median sternotomy was performed and the heart suspended in a pericardial cradle. Catheters were inserted in the right atrium and left ventricle (through an apical site). The proximal left anterior descending coronary artery (LAD) was dissected free from adjacent tissue and the following were placed in or around it: (1) A small silicone rubber catheter (inside diameter 0.3 mm, outside diameter 0.6 mm) was placed into the proximal LAD by the Herd-Barger technique. 14 This catheter was used to infuse drugs into the LAD. (2) A flow probe (Statham 2.0 or 2.5 mm diameter) was placed next, followed by (3) an inflatable occluder around the vessel and (4) another small silicone rubber catheter, which was inserted into the LAD and was used to measure LAD pressure distal to the flow probe and occluder.
When preparations were completed, a final dose of anesthesia was given. Thirty minutes later, protocols were initiated. During each study the following were recorded: electrocardiogram, right atrial, left ventricular (or left atrial), and aortic pressures, and mean and phasic LAD flow and mean and phasic LAD pressure (figure 1). Pressure-flow relationships were measured by methods generally similar to those reported by Verrier et al. 6 and by Vlahakes et al. 8 The hydraulic occluder was inflated to produce a spectrum of partial LAD occlusions. At each level, the phasic and mean coronary flow and pressure were recorded starting 5 to 7 sec after the occluder was inflated. The obstruction was released by 10 to 12 sec and the animal was allowed to stabilize before the next pressure-flow measurement was made. These times were established after it was confirmed that pressure and flow were at a steady state within 5 to 7 sec after inflation of the occluder (figure 2). If a steady state was not Protocols. Pressure-flow relationships were determined during an intracoronary infusion of adenosine at a dose of 40 ,ugg/ min. We determined that maximum vasodilation was achieved at a dose of 20 ,ug/kg/min and arbitrarily performed our experiments with doses twice this value. Maximum vasodilation was confirmed by (1) the absence of reactive hyperemia after 10 sec of LAD occlusion and (2) lack of further increase in LAD conductance with a higher dose of intracoronary adenosine. The dose used did not affect systemic pressure. This basic format was used in the protocols described below.
Protocol 1: characteristics and reproducibility ofpressureflow lines during maximum vasodilation. Pressure-flow relationships were obtained in 44 different swine. In six of these animals, pressure-flow relationships were determined again I to 2 hr after the first observation to determine the reproducibility of these lines in a given animal. The adenosine infusion was discontinued during the time between the measurements.
Protocol 2: the effect of collateral flow on pressure-flow relationships. In seven swine, a hydraulic occluder was placed around the proximal right coronary artery (RCA) in addition to the LAD instrumentation described above. Pressure-flow relationships were determined during maximum LAD vasodilation with normal RCA flow and when the RCA was occluded. The
. determination of pressure-flow lines during RCA occlusion was performed as follows: RCA flow was quickly stopped by inflation of the RCA occluder. Five seconds later, the desired level of LAD pressure and flow was obtained with its occluder. The data were recorded, as explained above, after 7 to 10 sec of LAD occlusion. Cessation of RCA flow with this technique was verified by a flow probe on the RCA. A snare was then placed around the aorta above the origin of the coronary arteries and below the origin of the first great vessel. Pressure-flow lines were then obtained during control left ventricular pressure and when the aortic snare was tightened to increase peak left ventricular systolic pressure to approximately 150 and 200 mm Hg. When pressure was increased above this, the animals deteriorated hemodynamically, precluding data collection.
Protocol 3: the effect ofheart rate and neural blockade on the pressure-flow relationship. In eight swine, pacing wires were placed on the right atrial appendage. Pressure-flow relationships in the LAD were obtained during control heart rate and during atrial pacing at rates of approximately 140 and 180 beats! min. Twenty minutes later, 1 mg/kg iv propranolol and 2 mg/kg iv phentolamine were given to cause neural blockade and 0.025 mg ic atropine was given to block parasympathetic coronary vasodilation. ' The lack of significant change in the Pzf during an TABLE 4 intervention that should reduce collateral flow (RCA occlusion) and one that should enhance collateral flow (increased perfusion pressure from the RCA and circumflex artery to the LAD bed distal to the occluder) indicates that there was little collateral flow to the distal LAD in the swine and that it was not sufficient to significantly alter the observed Pzf. 3 5-8 In addition to indicating little variation in the pressure-flow relationship among swine, the data were highly reproducible in a given swine during the course of a day's experiment. Adenosine was not infused continuously, but only during the determination of a pressure-flow line, which usually took 10 to 15 min. We did not note any enhanced vasodilatory response with repeated infusions of adenosine as has been reported with prolonged infusions. 18 Efect of collateral flow on the pressure-flow relationship. When no antegrade LAD flow is detected by the flowmeter on the proximal LAD, the pressure measured in the distal LAD is presumed to be the pressure at zero flow. If flow were present in the distal LAD from collateral vessels or because of capacitance in the coronary arteries, the value assumed to represent pressure at zero flow would be erroneously high. Because of the slight leftward curve of the pressure-flow relationship at low flow and pressure, a small increase in collateral or capacitance flow would result in a larger increase in pressure (figure 3). Protocol 2 was designed to determine whether collateral flow has any effect on the Pzf in swine by use of one intervention that should decrease collateral flow (RCA occlusion) and another that should enhance collateral flow (increased driving pressure from the RCA and circumflex artery to the distal LAD bed). No change was noted in the Pzf of the distal LAD during either intervention.
This lack of change in the Pzf during these perturbations is consistent with the known minimal collateral circulation in swine. 12. 19, 20 The LAD supplies about half of the left ventricular mass12 12 and the LAD vascular bed has a lower collateral flow compared with the circumflex and right coronary arterial vascular beds. 12 We elected to occlude the RCA because it supplies about the same mass of the left ventricle as the circumflex artery,12 13 and the RCA may be more likely to be the source of collateral flow to the LAD than the circumflex artery.2' Since the RCA and circumflex artery were not occluded simultaneously, we cannot exclude the possibility that there is some contribution of collateral flow to the distal LAD from the circumflex artery during RCA occlusion. The only way to exclude any possibility of collateral flow would have been to transiently occlude all three coronary vessels. We chose not to do this because we wanted to avoid repeated episodes of no coronary flow that could change the physical attributes of the coronary pressure-flow relationship. We do believe that the possibility of collateral flow from the circumflex is not great given the known lack of collateral vessels in swine and the small difference between the Pzf and right atrial pressure. In addition, an increase in the Pzf in the distal LAD did not occur when the driving pressure in the RCA and circumflex were increased by aortic constriction. All this supports the view that the Pzf in the LAD is not measurably affected by interventions that would decrease or enhance collateral flow.
CIRCULATION LABORATORY INVESTIGATION-MYOCARDIAL BLOOD FLOW
In contrast to the swine, the dog has a more extensive collateral circulation. Schaper20 compared myocardial flow measured with 15 ,gm spheres in pigs and dogs after acute ligation of the LAD. In the ischemic region of myocardium, flow in the swine was about 5% of normal flow while flow in the dog was 16% of normal flow. In a recent preliminary study it has been reported that interventions that presumably change collateral flow in the dog have a significant effect on the Pzf.22
Pressure-flow relationships during changes in hemodynamic variables and neural blockade. We wanted to establish whether the slope of the pressure-flow relationship and the Pzf during maximum vasodilation were altered by changes in hemodynamic variables or neural blockade. Our results show that the slope and Pzf did not change significantly during increases in heart rate or short-term elevations in left ventricular and coronary arterial systolic pressures. Heart rate was increased by atrial pacing and at rates above 180 to 200 beats/min, variable atrioventricular block usually occurred despite atropine administration. In our experience it is rare for a swine to have a sinus heart rate greater than this. We are not aware of any other data evaluating the effects of increases in heart rate on the slope and Pzf during maximum vasodilation, but Bache et al.23 reported a slight, statistically insignificant fall in coronary flow when heart rate was increased from 100 to 200 and 250 beats/min during intravenous administration of adenosine.
The slope and Pzf of the pressure-flow relationship did not change with increased left ventricular systolic pressure, the pressure-flow line was simply extended to a higher level on the pressure axis than when the driving pressure was lower. Myocardial oxygen consumption and coronary flow would increase with the increased afterload,24 but these changes in baseline coronary hemodynamics should not alter our results since maximum vasodilation dissociates coronary flow from myocardial oxygen consumption at physiologic perfusion pressures. This enabled us to study pressureflow relationships without being concerned about changes in oxygen consumption. These short-term elevations in left ventricular systolic pressure did increase late diastolic left ventricular pressure, although the increase was not statistically significant. The late diastolic left ventricular pressure did exceed the late diastolic Pzf at each level of elevated systolic pressure; in contrast, no change occurred in the difference between the late diastolic Pzf and the right atrial pressure. This supports the view that the coronary sinus and right atrial pressures are major determinants of the Pzf35 and also suggests that the mean diastolic transmural pressure was lower than left ventricular diastolic pressure. 26' 27 The coronary circulation is innervated by sympathetic and parasympathetic fibers that can modulate coronary flow.28"31 To determine the effect of resting neural tone on the slope and Pzf during maximum vasodilation and to exclude reflex neural adjustments that might override adenosine-induced vasodilation,8' 32 pressure-flow relationships were obtained before and after autonomic blockade. Autonomic blockade did not alter the slope of Pzf. Vlahakes et al.8 reported that altering adrenergic activity in dogs produced a change in the coronary pressure-flow relationship despite maximum vasodilation and that the change was the result of a change in the Pzf rather than a change in slope. We did not confirm that the dose of each medication had the desired effect, but used doses that others had established to produce autonomic blockade.8' 33 Heart rate after autonomic blockade was similar to the initial heart rate. Although we anticipated that the rate would change, others have reported rates similar to our results in dogs receiving a-and f3-blockade29 and with surgically denervated hearts.34
Comparison of pressure-flow relationships during maximum vasodilation in swine and in dogs. Most coronary pressure-flow data have been obtained in the dog, an animal with a coronary circulation that is substantially different from that in humans.9' It) 35.36 Swine, in contrast, have a coronary circulation that is very similar to that in humans.9-13 31 Effects of LAD and RCA occlusions on left ventricular performance. At the higher grades of stenosis, ischemia would soon produce abnormalities of ventricular performance and wall motion; this could change the physical attributes of the coronary bed and the pressureflow relationship.4" We established that pressure and flow reached a steady state by 7 sec after the coronary arterial pressure was altered and that if pressure was reduced and held constant for 5 min, flow also remained constant. Our recordings were made for 3 to 5 sec; therefore, measurements were usually completed by 10 to 12 sec after flow was reduced. Some ischemia was present during measurements made at low flow and during LAD occlusion, especially when it was combined with RCA occlusion. Our goal was to make measurements during a steady state, but without inducing prolonged ischemia and alterations in left ventricular wall motion and function. We believe we were able to do this by timing each measurement and only making measurements if a steady state existed by 5 to 7 sec after pressure was reduced.
Myocardial contraction and coronary arterial capacitance.
It is generally agreed that to eliminate coronary arterial capacitance, coronary arterial perfusion pressure must be constant and vasomotor tone must be unchanged. '3 This state is usually achieved by use of an external pressure source and a perfusion cannula in a nonbeating heart (induced long diastole) and with the use of intracoronary adenosine to maximally vasodilate the system. In our preparation we did use adenosine, but the heart was beating. While mean coronary arterial pressure was steady during each measurement, cardiac contraction probably caused some fluctuation in the coronary arterial volume because of the amount of blood presumably stored in the coronary artery during each systole. Since our goal was to measure the pressure-flow relationship in the intact, beating heart, we accepted this as a limitation and sought to determine whether the lack of an absolutely constant pressure significantly altered our results.
Effects of coronary arterial capacitance are thought to explain, in part, the apparent high Pzf found in dogs during pressure-flow relationships performed without maximum vasodilation. Maximum vasodilation decreases capacitance, resulting in a lower Pzf.3 7 The Pzf we observed in swine during maximum vasodilation was considerably lower than most reported in dogs during maximum vasodilation. The increases in systolic pressure and heart rate, interventions that should have enhanced effects of coronary capacitance on the pressure-flow relationship, did not change the slope of Pzf significantly. We also compared mean with late diastolic pressure-flow relationships. Since the mean data should average the effects of capacitance, significant changes in the slope and Pzf during late diastole that were not noted in the mean data would suggest that coronary arterial capacitance significantly altered our results in late diastole. Thus, the low Pzf, the lack of change in Pzf or slope with alterations in heart rate and systolic pressure, and the concordant relationship between the mean and late diastolic values for Pzf and slope throughout the protocols suggests that coronary arterial capacitance did not have a significant effect on our pressure-flow relationship data.
Shape of the pressure-flow relationship. We found that the pressure-flow relationship in swine, as in the dog, has a leftward curvature at low flows. The reason for this is not clear. Transmural differences in Pzf with endocardial Pzf exceeding epicardial Pzf would explain the results, but a preliminary report has indicated that the distending pressure of the coronary circulation, independent of the absolute pressure drop across the bed, affected the resistance.4' At low distending pressures, coronary resistance increased despite the fact that the artery was dilated. This increase in resistance at low perfusion pressures may explain the leftward curvature. Since the curvature occurs at very low flows, its physiologic importance may not be too great.
In summary, these experiments studying the pressure-flow relationship in the LAD bed during maximum vasodilation in anesthetized swine demonstrate that the slope of the pressure-flow relationship shows little variability among the swine and is highly reproducible in a given animal. The Pzf is low: the mean value is 6 to 9 mm Hg above right atrial pressure, while during late diastole it averages less than 5 mm Hg above right atrial pressure. The slope and Pzf are not altered significantly by interventions that would increase or decrease collateral flow, by an increase in heart rate or afterload, or by autonomic blockade. This low Pzf is beneficial for maintaining flow at low coronary arterial perfusion pressures. The Pzf reported in dogs is, in general, higher than we observed in swine. The more extensive collateral flow in dogs may in part account for this higher and more variable Pzf.
